Abstract Length and conduction velocity were determined in muscle fibers belonging to the single motor unit (right m. vastus medialis) in the living human body. A new method was developed for measuring the length of fibers, i.e., the muscle length was defined to be the distance between the starting point of excitation (motor end-plate) and the distal end of muscle fibers belonging to the particular motor unit. Both points were decided by analyzing the shape of the spike potentials of the motor unit recorded by surface electrodes. The length increased by about 70 (ranging from 48°c to 97%) when changing the knee angle from fully extended to the fully flexed position, whereas the conduction velocity decreased by about 26% (ranging from 17 to 36%). It can be considered that the decrease of the conduction velocity when increasing the length of the muscle fibers was mainly due to the decrease in fiber diameter.
The length of muscle fibers in situ is affected by changing the joint angle. HAINES (1932, 1934) reported that the length of the vastus intermedius muscle in the dead human body changed from 80 to 185 mm when the knee joint moved from the fully extended to the fully flexed position. However, it seems that until now there has been no method devised to measure the muscle length from the surface of the living human body. Therefore, first of all, the author attempted to measure muscle length in the living human body by analyzing the shape of action potentials of a single motor unit.
The effect of the change in length on the conduction velocity has been investigated. MARTIN (1954) reported that the conduction velocity was unaltered by the application of the stretch, while many investigators found an increase in the conduction velocity during stretching of the muscle (WILSKA and VARJORANTA, 1940; HAKANSSON, 1957) . Therefore, the author also investigated the relation between the conduction velocity and the length of muscle fibers belonging to the single motor units.
METHODS
The experiments were performed on six healthy male adults (21-33 years old) without signs or symptoms of neuromuscular disease.
Silver disc electrodes (each with a diameter of 5 mm) and platinum wire electrodes (each with a diameter of 1 mm) were used for recording the action potentials of muscle fibers in the right m, vastus media/is. Ten platinum wires were placed linearly into an insulating block with an interval of 2 mm. The wires protruded 2 mm below the lower surface of the block and were fixed to the skin surface over the muscle fibers using double sided tape. Silver disc electrodes were used for detecting spike potentials around the motor end-plate and wire electrodes were used for detecting travelling spikes and electro-tonically spreading potentials.
The action potentials were amplified by a conventional differential amplifier (Dia-Medical System, Tokyo, Japan, DPA-400C) with a low/high cut filter of 3 Hz/ 10 kHz. The input impedance of the amplifier was 5 MSS. Electrical signals were simultaneously displayed on a cathode ray oscilloscope (Nihon Kohden, Tokyo, Japan, VC-9) or digital memoryscope (TRIO, Tokyo, Japan, MC-1950B), and photographed with a continuously recording camera (Nihon Kohden, Tokyo, Japan, PC-2B) on film or polaroid film (Polaroid Corp., Mass., Type 667). Most of the data were recorded using an FM cassette data recorder (TEAL, Tokyo, Japan, R-81). The experimental procedures were as follows: The subject was required to activate the objective motor unit voluntarily at various knee angles, 0, 45, 90, and 180° (the angle at fully extended position was defined to be 0°). He sat on a high stool which allowed free movement of the lower legs. He put his right foot on the stage and fixed his ankle to it with a strap. To set the knee angle, the height of the stage was changed except at a knee angle of 180°. At an angle of 180°, he knelt sitting back on his heels. All experiments were performed under isometric conditions. In order to avoid the cumulative effect between experiments, data were obtained using intervals of 2 min and over.
The conduction velocity was calculated from the time difference between negative peak points of spike potentials and the distance between the electrode (MORIMOTO et al., 1980; MORIMOTO, 1983; MORIMOTO and MASUDA, 1984) . Conduction velocity was determined to be the average velocity of 50 spikes at almost constant spike interval, i.e., 100-110 ms, under any experimental conditions. In this article, the data from one particular motor unit assumed to lie at superficial part of the muscle were analyzed in detail, except for that in the section entitled "Reproducibility and generalization of experiments" in RESULTS . 
RESULTS

Measurement of muscle length
The muscle length was defined to be the distance between the starting point of excitation (motor end-plate) and the distal end of muscle fibers (myotendinous junction) belonging to the particular motor unit. Both points were decided by analyzing the shape of the spike potentials of the motor unit recorded by surface electrodes. Two discs were connected to the positive and negative input of the differential amplifier. When two discs were symmetrically placed on both sides of the end-plate along the long axis of the muscle, the recorded spike should be canceled by the differential amplification, because the spikes travel in opposite direction from the end-plate and reach each disc at the same time. The polarity of spikes from paired discs placed on the proximal and distal sides of the expected point of the end-plate was reversed. Figure lA shows the relation between the amplitude of the spike and the distance between the marked point on the skin surface along the long axis of the muscle and mid-point of the two discs. The minimum amplitude of the spikes was obtained at 60 mm. Next, two pairs of discs were fixed to the skin surface as shown in the inlet of Fig. l B. The shadowed area corresponds to the point at which the minimum amplitude was obtained. In this case, proximal discs of each pair were connected to the negative input of the amplifier. The polarity of the spikes became reversed. Therefore, the point at which the minimum amplitude was recorded was the end-plate of the objective motor unit.
When the action potential has conducted to the muscle end, it will disappear. Potentials recorded from electrodes positioned at the distal side apart from the muscle end could be said to be electro-tonically spread. If this was the case, the peak of the electro-tonic potentials would appear at the same time but the amplitude would decrease when increasing the distance from the muscle end. Figure 2A and B shows the spikes recorded from the wire electrodes placed on the vicinity of the muscle end. In this case, wire electrodes were connected to the positive input of each amplifier and the discs on the knee were connected to the negative input of each amplifier. The distance between the wire and disc electrode was enough to avoid interference between electrical signals. Figure 2A shows conducted spikes and electrotonic potentials. The time interval betweed the triggered point and the peak of each spike on the oscilloscope increased as the distance increased between the end-plate and each electrode (cf. records a, b, and c). However no time difference between the peak points was observed in records c and d. Figure 2B shows the decrease in the amplitude of the potential when moving the electrode to the distal side apart from the point at which record c in Fig. 2A was recorded. The amplitude decreased as the distance increased.
Under the present arrangement of electrodes, the ordinary spikes consisted of three phases (records a and b in Fig. 2A ). The first and third phases could be due to the current flowing into the excited part from the front/behind of the excited part. The third phase disappeared as shown in record c in Fig. 2A and record a in Fig. 2B .
When a spike travelled to the muscle end, the third phase should disappear because of no current from behind. Therefore, the point at which record c in Fig. 2A was recorded corresponds to the muscle fiber ends belonging to the objective motor unit. The gradual decrease of the amplitude (from a to c in muscle fibers gradually transform to the tendon. Fig. 2A ) means that the Muscle length and conduction velocity at various knee angles Figure 3 shows the relation between the muscle length of one particular motor unit and the knee angle. At a knee angle of 0°, the muscle length was 36 mm. The length increased as the knee angle was increased and was 188°c at 180 Figure 4 shows the relation between the conduction velocity and the muscle length. The conduction velocity decreased by 30°c when the length was increased by 88%.
Reproducibility and generalization of experiments
The conduction velocity changed daily (MORIMOT0,1983) . In the present study, the conduction velocity at the knee angle of 90° was in a range between 3.4 and 4.1 m s -1 throughout all experiments. However, the velocity normalized to that at the fully extended position was very reproducible and its deviation was within the plotted points in Fig. 4 . The conduction velocity changed depending upon the spike interval (STALBERG, 1966; M0RIM0T0 and MASUDA, 1984) . Therefore, other subjects were required to practice enough to activate the motor unit at almost constant spike interval, i.e., 100-110 ms, under any experimental conditions. Table 1 shows the summary of data for the other five subjects. The objective motor unit lies at the Fig. 3 . Relation between the angle of the knee joint and the distance from the endplate to the distal end of muscle fibers. The knee joint at fully extended position is defined to be 0°. medial part of the m. vastus medialis in subjects 1, 3, and 5, and at the middle part of the muscle in subjects 3 and 4. There was a difference in increasing rate of muscle length between the two groups. Increasing rate was smaller in the motor unit positioned at the medial part, 148-162%, than that at the middle part, 191-197%. In all cases, however, muscle length increased when the knee angle moved from the fully extended position to the fully flexed position, whereas the conduction velocity decreased.
DISCUSSION
Recently, MORIMOTO et al. (1980) reported that electrical responses of particular motor units could be detected by use of surface electrodes with good reproducibility. Due to such simplicity and good reproducibility, the surface method seems to be useful for studying voluntary control and/or muscular activity. With this method, the sum of the electrical activity of all muscle fibers innervated with one spinal alpha motoneuron can be detected. The signal did not reflect the discharge of a single muscle fiber but rather the general electrical characteristics of the membrane of the muscle fibers belonging to the single motor unit. GYDIKOV and KosAROV (1972) reported that the motor unit potential disappeared when the two poles of bipolar electrodes were symmetrically situated on both sides of the motor end-plate zone for a particular motor unit. The present result (Fig. 1A) confirmed the above result. The shape of the rising curve of an ordinary spike potential was smooth Table   1 . The summary of the data, muscle length and conduction velocity, for five subjects.
because of the current flowing into the excited part in front of the electrode in the volume conductor. On the other hand, if the electrode is placed exactly on the endplate no current flows into the electrode before the excitation starts (M0RIM0T0 et al., 1980) . The steep rising/falling phases of spike potentials shown in Fig. 1 B were apparently consistent with the above result. It is considered that the end-plate of each muscle fiber in a motor unit is distributed in a narrow range (M0RIM0T0 et al., 1980) . The rate of rise/fall of the greatly changed potentials at the end-plate decreased and the peak of the potential appeared later by moving the electrode to proximal and distal sides for 3 mm from the point of 60 mm in Fig. 1A . Therefore, the end-plate of the present motor unit was distributed at least 6 mm (or less) at the knee angle of 90°. The amplitude of the spike decreased gradually at the vicinity of the muscle end (from records a to c in Fig. 2A ). It is considered that muscle fibers belonging to the present motor unit transform to the tendon at the range between the points at which records a to c were recorded. This range can be measured to be 4 mm. HOMMA et al. (1983) measured the conduction velocity of action potential by use of unidimensional latency-topography in frog skeletal muscle fibers, and reported that the action potential stopped at the musco-tendinous region and then spread electrotonically to the tendon. The present result (Fig. 2B) confirmed the above result.
HAINES (1932, 1934) reported that the length of the vastus intermedius muscle in the human body changed its length from 80 to 185 mm when the knee joint was moved from the fully extended position to the fully flexed position. This result was obtained from the distance between positions of the patella at fully extended and fully flexed position. RACK and WESTBURY (1969) reported that the sarcomere length of the soleus muscle of cat changed from 1.55 to 3.22 ,um when the ankle joint changed from 150 to 25° (dorsiflexed position). It is considered that the difference between the present result ( Fig. 3) and the above results is due to the difference in the angle between the longitudinal axis of the muscle fiber and the direction of the joint movement, and in the muscle condition during contraction or relaxation.
When the knee angle changed, the geometrical change in line of muscle fiber occurred. Though muscle length is defined to be the distance between end-plate and myotendinous junction, the muscle fiber runs forming a small curved line. In order to get the exact line of muscle fiber, wire electrodes were placed on the skin surface at a right-angled direction to the long axis of muscle fibers and detected the position at which the maximum amplitude of spike potential was observed at every knee angle. The spike amplitude decreased depending upon the increase of the distance between the electrical source and the electrode (LORENTE DE NO, 1947; HAKANSSON, 1957; BUCHTAL et al., 1959; M0RIM0T0 et al., 1980) .
There have been several reports in which the effect of the change in length on conduction velocity has been investigated. In nerve trunks of slugs, stretching the nerve had no significant effect on the conduction velocity of the action potential (JENKINS and CARLSON, 1904; BULLOCK et al., 1950 MARTIN (1954) reported the conduction velocity to be unaltered by the application of stretch, while many investigators found an increase in the conduction velocity with an increase in the length of muscle fiber (WILSKA and VARJORANTA, 1940; HAKANSSON, 1957) . However, HAKANSSON (1957) discussed that the conduction velocity would decrease as the muscle length increased, theoretically because of the decrease in fiber circumference by the application of stretch. Muscle fiber changed in length with constant volume behavior (ELLIOTT et al., 1963 (ELLIOTT et al., , 1967 . Assuming the constancy of muscle fiber volume, the diameter should decrease in association with stretching. Therefore, the diameter of muscle fibers can be calculated relatively from the muscle length. In the present motor units, the diameter normalized to that at the fully extended position (knee angle of 0 ) decreased as shown in Fig. 4 and Table 1 when moving the knee joint from the fully extended to the fully flexed position. It can be considered that the decrease of the conduction velocity associated with the increase of muscle length is mainly attributable to the decrease of the diameter of the muscle fibers.
The author wishes to emphasize the possibility that the muscle fibers over the articulation with wide woring range was changed in length dynamically depending upon the joint movement. Also the present method seems to be useful for studying the conduction velocity of an action potential and/or the mechanism of motor control at different muscle lengths.
